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TNF-αsis in vitro and in vivo. However, the signiﬁcance of PRV-induced apoptosis and
its signaling pathways is still unknown. This work investigates the role of MAPK pathways in mediating PRV-
induced apoptosis. Flow cytometry, apoptosis ELISA and western blotting using antibodies against cleaved
caspase-3, -6 and PARP demonstrated that PRV induces apoptosis in a time- and dose-dependent manner.
p38 and JNK/SAPK inhibitors signiﬁcantly protected cells from PRV-induced apoptosis. Inhibitor treatment
did not affect Us3a gene transcription and progeny virus production. Western blotting revealed that PRV
activates p38 and JNK/SAPK signaling. Inhibition of NF-κB had no effect on PRV-mediated apoptosis. Non-
replicative PRV failed to activate p38 and JNK/SAPK or induce apoptosis. PRV infection increases TNF-α
transcription, translation and secretion, as well as TNF-α receptor expression. Inhibition of p38 and JNK/SAPK
reduced PRV-induced TNF-α up-regulation. Neutralization assay conﬁrmed that TNF-α is a key mediator
involved in PRV-induced apoptosis.
© 2008 Elsevier Inc. All rights reserved.Introduction
Pseudorabies virus (PRV) is a member of the Alphaherpesvirinae
subfamily, which includes the human herpes simplex virus 1 (HSV-1).
It is a highly infectious and lethal pathogen of pigs, responsible for
Aujeszky's disease, causing considerable economic losses worldwide
(Pomeranz et al., 2005). Younger animals are more susceptible to the
disease, and have a high mortality rate after PRV infection. Older
infected animals can remain asymptomatic or develop mild to severe
respiratory disease symptoms, while the infection can still cause a
limited mortality. The pig is the only natural host for PRV, but several
animal models have been shown to be useful for study. In addition,
PRV is easy to propagate in cells of severalmammalian species, and is a
highly relevant model to study the biology of alphaherpesviruses and
their interactions with host cells in vitro (Pomeranz et al., 2005).
Some related viruses that share a number of biological properties
with PRV are HSV-1, HSV-2 and bovine herpesvirus 1. Herpesviruses
have been shown to develop speciﬁc strategies to interfere with theih).
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l rights reserved.host cells' apoptotic machinery. Like other herpesviruses, PRV
establishes a lifelong latent infection in neuronal cells of the host. It
may be reactivated to infect non-neuronal cells and spread to other
susceptible animals (Enquist et al., 1998; Jones, 1998). Many viruses
directly induce apoptosis during infection and this effect is likely to be
responsible for the pathology associated with infections. The cellular
response to PRV infection may trigger cell suicide or apoptosis in
infected cells (Cheung et al., 2000). However, the potential signiﬁ-
cance of PRV-induced apoptosis and its signaling pathways in cultured
cells are still unknown. Earlier studies demonstrated that PRV
encoded the tegument protein, Us3, (Roizman and Pellet, 2001;
Zhang et al., 1990), which modulate apoptosis (Kimman et al., 1994;
Longnecker and Roizman, 1987; Nishiyama et al., 1992). The Us3 gene
encodes two proteins termed Us3a and Us3b. In transfected cells, Us3a
is localized predominantly in the plasma membrane and promotes
cells undergoing apoptosis, whereas the Us3b protein is localized
predominantly in the nucleus and exerts anti-apoptotic activity
(Calton et al., 2004; Geenen et al., 2005a).
Recent studies have suggested that viral infections may be
modulated by mitogen-activated protein kinase (MAPK) pathways,
such as human immunodeﬁciency virus type 1 (HIV-1) (Kumar et al.,
1998), HSV-1 (Zachos et al., 1999; Mclean and Bachenheimer, 1999),
and human cytomegalovirus (hCMV) (Rodems and Spector, 1998).
HSV-1 is the prototype of this family and has been investigated
56 C.-J. Yeh et al. / Virology 381 (2008) 55–66previously. HSV-1 infection causes apoptosis in cultured cells and in
vivo (Nguyen et al., 2005; Pongpanich et al., 2004; Ennaciri et al., 2006).
Activation of caspases (Pongpanich et al., 2004), p38 (Zachos et al.,Fig.1. Apoptosis analysis of PRV-infected cells. The sub-G1 techniquewas used for the detecti
time (A) or virus at various moi for 24 h (B) as indicated. M1 indicates the area used t
oligonucleosome was detected by an anti-DNA–peroxidase antibody, and apoptotic cell deat
values shown aremeans of three independent experiments, and error bars indicate standard
were infected with 10 moi PRV at different time point as indicated. Actin was used as an in1999) and c-Jun N-terminal kinase/stress-activated protein kinases
(JNK/SAPK) (Perkins et al., 2003) pathways is involved in this process.
In mammalian cells, several different subfamilies of MAPKs have beenon of apoptotic cells. PK-15 cells were infectedwith virus (10moi) for various amounts of
o calculate the percentage of apoptotic cells. (C) The histone-associated mono- and
h determined by ELISA. The y-axis shows the value of absorbance (at O.D. 405 nm). The
deviations. (D) Detection of expression level of cleaved capase-3, -6 and PARP. PK-15 cells
ternal control.
57C.-J. Yeh et al. / Virology 381 (2008) 55–66identiﬁed. These MAPK family members include: the extracellular
signal-regulated kinases (ERKs), ERK1 and ERK2; JNKs/SAPKs, which
include p54 SAPK (SAPKα/β, JNK2) and p45 SAPK (SAPKγ, JNK1); and
the p38 MAP kinases (α, β, γ, and δ). JNK/SAPK and p38 MAPK have
been shown to phosphorylate a number of transcription factors such as
c-Jun and ATF-2. c-Jun is phosphorylated speciﬁcally by JNK/SAPK, and
ATF-2 can be phosphorylated by both JNK/SAPK and p38 MAPK
(Derijard et al., 1994; Gupta et al., 1995; Kyriakis et al., 1994).
This investigation was initiated to determine whether MAPK
pathways play a role in PRV infection. Here we report that TNF-α
mediates PRV-induced apoptosis, and p38 MAPK and JNK/SAPK
pathways play important roles in the viral mechanism of apoptosis.
We also show that the p38 MAPK and JNK/SAPK downstream targets
are activated, indicating the pathways play important roles for the PRV
infection in host cells.
Results
Kinetic analysis of PRV-induced apoptosis
PRV infection has been reported to cause MDCK (Madin–Darby
canine kidney) cells to undergo apoptosis (Cheung et al., 2000;
Marcaccini et al., 2006). Here, we examine the effects of PRV infection
on four different cell lines: Vero, PD5 and ST cells infected with PRV
showed a cytopathic effect (CPE) as characterized by cell rounding and
detachment, while infected PK-15 cells revealed plaque formation
(data not shown). To validate that PRV can replicate in PK-15 cells,
ﬂuorescence staining with anti-PRV antibody was performed. It
showed that PRV was co-localized with CPE (data not shown). DNA
staining and ﬂow cytometry was performed on infected PK-15 cells,
and the sub-G1 fraction was used to quantify apoptotic cells. The
number of cells displaying sub-G1 DNA content, which is consistent
with apoptotic cells, showed a time- and dose-dependent increase
upon PRV infection (Figs. 1A and B). The apoptotic cells with
fragmented DNA were collected and analyzed by ELISA, indicating
that the degree of apoptosis correlated with cell death in PRV-infected
Vero and PK-15 cells (Fig. 1C). In addition to DNA-based assay, we
performed western blotting analysis by utilized speciﬁc antibodies
against cleaved executioner caspase-3, -6 and the critical cellular
substrate Poly (ADP-ribose) polymerase (PARP) (Lin et al., 2002;
Soldani and Scovassi, 2002) to characterize apoptosis following PRV
infection. The cleaved products of caspase-3, -6 and PARP showing
gradually increased in infected PK-15 cells (Fig. 1D) and in Vero cells
(data not shown). The apoptosis-inducing capacity of PRV was also
evident in PD5 and ST cells (data not shown).Table 1



















The cultured cells pre-treated with indicated inhibitor for 6 h, then infected with PRV for
microscopy. The surviving cells was counted and calculated directly under the light micr
experiments±standard deviations.p38 MAPK and JNK/SAPK are involved in PRV-mediated apoptosis
To clarify the role of MAPKs in PRV-induced apoptosis, we blocked
MAPK signaling by utilizing MAPK inhibitors (PD98059, U0126,
SB203580 and SP600125) (Bennett et al., 2001; Davies et al., 2000;
Favata et al., 1998; Powell et al., 2003), then infected cells and
measured apoptosis and surviving cells. The inhibitor concentrations
used were not deleterious to the cells, as determined by measuring
lactate dehydrogenase activity (LDH) (data not shown). The working
concentrations of various inhibitors were as follows: 20 μM PD98059,
10 μM U0126, 5 μM SB203580, 10 μM SP600125 (these block ERK1/2,
MEK1/2, p38 and JNK/SAPK respectively). Table 1 shows that Vero
cells infected with 2 moi PRV displayed an average of 15% typical CPE.
The value of CPE percentage was determined by visual inspection and
estimation under light microscope according to the relative amounts
of healthy cells and cytopathic cells. The O.D. value determined by
apoptotic ELISA was about 0.88 at 405 nm. In the presence of
SB203580 or SP600125, the CPE and O.D. values were reduced
signiﬁcantly. Moreover, when cells were treated with SB203580 and
SP600125 in combination, an additional protective effect was seen, the
numbers of plaques were reduced 7 fold. Use of ERK1/2 and MEK1/2
inhibitors, PD98059 or U0126, did not affect the extent of PRV-induced
apoptosis. The same protective effect of inhibiting p38 and JNK/SAPK
was also observed in 10 moi PRV-infected Vero cells, as well as in PK-
15 cells (Table 1). Fig. 2 illustrates the PRV-induced CPE and protective
effects of SP600125 and SB203580. In order to exclude the possibility
that inhibitor treatment affects viral replication, transcripts of Us3a
gene and viral growth characteristics of PRV-infected PK-15 cells were
analyzed. Semi-quantitative RT-PCR showed SP600125 and SB203580
did not alter the kinetic transcription level of Us3a (Fig. 3A). One-step
growth curve demonstrated that inhibitors did not inﬂuence the titers
of progeny virus (Fig. 3B).
Activation of p38 MAPK and JNK/SAPK signaling by PRV
Having demonstrated the involvement of p38 and JNK/SAPK in PRV-
induced apoptosis, the status of p38 and JNK/SAPK upon PRV infection
was subsequently characterized. Activation of MAPK and MAPKK
occurs via phosphorylation of certain amino acids (Derijard et al.,1994;
Derijard et al.,1995; Pulverer et al.,1991; Smeal et al.,1991). Exposure of
PK-15 cells to 5 moi PRV for 24 h results in an increase in
phosphorylated p38 and JNK/SAPK. The phosphorylation level gradu-
ally increased when infected with a higher moi. Total intracellular p38
and JNK/SAPK levels were not altered (Fig. 4A, panels 1 to 4). The
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2.28±0.37 21.2±3.2 15.6±5.4 2.35±0.40
2.17±0.26 19.5±3.5 18.6±3.7 2.22±0.37
2.31±0.41 22.5±2.9 20.3±2.2 2.41±0.26
0.88±0.45 8.4±2.2 64.5±4.9 0.92±0.20
0.78±0.33 9.7±2.0 71.2±5.6 0.86±0.36
0.58±0.27 7.1±1.4 85.6±2.4 0.71±0.14
additional 24 h incubation. The percentage of CPE was estimated by eye using light
oscope following trypan blue staining. Values shown are the means from 3 separate
Fig. 3. SP600125 and SB203580 did not affect PRV Us3 gene transcription and viral
replication. (A) PK-15 cells were infected with 10moi PRV for indicated time point. Total
RNA was isolated and subjected to semi-quantitative RT-PCR by using Us3a speciﬁc
primers. (B) PK-15 cells pre-treated with inhibitors for 6 h then infected with 5 moi PRV
for various time point. After incubation, virus were collected and subjected to plaque
assay on PK-15 cells. The y-axis represents the total yield of virus titer.
Fig. 2. Apoptotic protection in cells treated with SP600125 and SB203580. Parental Vero and PK-15 cells (a, a′), or infected with 10 moi PRV. PRV-infected cells displayed CPE with
rounding/detached cells or plaques as indicated (b, b′). Cells pre-treated with inhibitor SP600125 (c, c′), SB203580 (d, d′), or both (e, e′) for 6 h followed by PRV infection showed
reduced CPE compared to the control. A more marked protection from apoptosis was seen when the two inhibitors were combined.
58 C.-J. Yeh et al. / Virology 381 (2008) 55–66SAPK, and p38 activator MKK3/MKK6 (Fig. 4A, panels 7 to 10) showed
similar kinetics of activation. Fig. 4B demonstrates a time course
analysis of members of the MAPK pathways; each member showed a
different kinetic activation pattern. Once activated, phosphorylation of
MAPK pathway constituents was through 48 h post-infection.
Activation of transcription factors AP-1 and ATF-2 by PRV
We further determinedwhether the signals produced by JNK/SAPK
and p38 were propagated to their corresponding downstream targets,
AP-1 and ATF-2. The levels of total c-Jun and ATF-2 were not altered.
Increases in ATF-2 and c-Jun phosphorylation were evident in
response to PRV infection (Figs. 4A and B). Alternatively, we
determined whether PRV increases functional AP-1 activity by using
a reporter gene assay. Fig. 5A shows that AP-1 activity rose as a
function of the moi of PRV. Inoculation of 5 moi PRV for various time
point shows that AP-1 binding capacity began increase signiﬁcantly at
12 h post-infection and then was sustained for at least 48 h (Fig. 5B).
This activationwas inhibited in the presence of SB203580 or SP600125
(Fig. 5).
NF-κB is not involved in the PRV-mediated apoptosis
Many viruses, including HSV-1 and HSV-2, induce NF-κB to
modulate cellular responses, such as inﬂammation and apoptosis (Cai
and Brandt, 2008; Yedowitz and Blaho, 2005; Goodkin et al., 2003,
2007; Gregory et al., 2004). However, NF-κB can transmit pro-
apoptotic signaling in certain experimental systems (Zeng et al.,
2008; Pérez-Rodríguez et al., 2007; Wang et al., 2007). We further
evaluated PRV for its ability to modulate NF-κB. Inhibition of NF-κB
signaling pathway was achieved by the chemical inhibitor, pyrroli-
dine dithiocarbamate (PDTC) (Lee et al., 2004) or by transfection of
dominant negative IKKβ (dmIKKβ) (Tsai et al., 2006) and dominant
negative IκBα (dm IκBα)(Brown et al., 1995). The transient expression
of dm IKKβ and dm IκBα were veriﬁed by western blotting (data not
shown). Figs. 6A and B show that blocking NF-κB did not affect PRV-
induced CPE and apoptosis, respectively. No protective effect was
observed when cells were treated PDTC and dominant negative IκBα
or dominant negative IKKβ (data not shown) simultaneously. Wes-
tern blotting was utilized to examine the expression level of NF-κB
subunit p50, p65 and c-Rel, as well as IκBα expression and phos-
phorylation status (Ghosh and Baltimore, 1990). Fig. 6C revealed
similar amounts of p50, p65,c-Rel and IκBα were detected after
normalization with actin. It was recently demonstrated that NF-κBinduced the expression of the c-FLIP protein, a caspase-8 inhibitor
(Kanetaka et al., 2008; Benayoun et al., 2008). JNK/SAPK enhances
apoptosis at least in part through activation of the E3 ubiquitin ligase
Itch, which ubiquitinates c-FLIP and induces its degradation (Chang et
al., 2006; Nakajima et al., 2008). c-FLIP encodes two splicing variants,
c-FLIPL and c-FLIPS. Many studies have shown that both of them
inhibit apoptosis in different system (Budd et al., 2006). We next
monitored the kinetic expression level of c-FLIP in PK-15 cells infected
with PRV in the presence or absence of SP600125. Fig. 6 indicates that
SP600125 inhibits JNK/SAPK phosphorylation induced by PRV.
However, SP600125 treatment did not affect c-FLIP. Taken together,
these results provided evidences that PRV induces apoptosis in our
system without affecting NF-κB and c-FLIP. Identical results were
obtained in PRV-infected Vero cells (data not shown). Similar results
were obtained in other experimental systems (Glaser et al., 2001;
Velez-Pardo et al., 2007).
Fig. 4.Dose- and time-dependent increase in PRV-induced phosphorylation of p38 and JNK/SAPK and related signaling molecules. (A) PK-15 cells infected with various moi of PRV for
24 h. (B) PK-15 cells infected with 10 moi PRV and incubated for different time periods. An equal amount of total cell lysate from each sample was subjected to western blot analysis
with indicated antibodies. The same blot was re-probed for actin as an internal control.
59C.-J. Yeh et al. / Virology 381 (2008) 55–66Requirement for viral gene expression and replication for induction of
apoptosis by PRV
To test whether apoptosis was initiated in the viral life-cycle by the
attachment to cell membranes, we prepared UV-inactivated viruses,
and compared apoptosis induction to that in productively infected
cells. The replication ability of PRV was under-detectable when virus
was subjected to 3000 J/m2 UV dose (Fig. 7A, lanes 5 and 10). It has
been reported that UV doses of less than 5000 J/m2 do not affect the
capacity of viral penetration and uncoating (Duncan et al., 1996).
However, since there was a small possibility that viral replication
could still be carried out by a small subset of virions not inactivated by
UV treatment, we infected cells with a 10 fold excess amount of UV-
inactivated virions with 3000 J/m2 UV (compare lanes 5 and 6, lanes
10 and 11, # indicated 10 fold excess viral particles). No virus progenywere producedwhen cells were infectedwith 10 fold excess 3000 J/m2
UV-inactivated virus (Fig. 7A, lanes 6 and 11). In addition, the capacity
for cells to synthesize PRV-encoded Us3a was examined by semi-
quantitative RT-PCR. The results showed no Us3a transcripts were
detected when cells were infected with UV-inactivated virus (Fig. 7B,
lanes 3 and 4). UV-inactivated PRV lost their ability to induce p38 and
JNK/SAPK phosphorylation (Fig. 7C, lanes 5 and 10), even when
infected with 10 fold excess viral particles (Fig. 7C, lanes 6 and 11).
ELISA analysis demonstrate that replication-deﬁcient PRV was unable
to induce apoptosis (Fig. 7D).
Induction of TNF-α by PRV
We then analyzed the expression and secretion of several cytokines,
including interleukin (IL)-1α, IL-1β, IL-6, IL-8, IL-12 and TNF-α, which
Fig. 5. Activation of AP-1 by PRV. 50 ng of each AP-1-Luc and pRKbetaGAL was co-transfected into PK-15 cells. 24 h after transfection, (A) PRV at various multiplicity of infection (moi)
was added and incubated for additional 24 h. (B) 5 moi PRV was added and incubated for indicated time periods. Luciferase and β-galactosidase activities were quantiﬁed, and β-gal
was used to normalize for transfection efﬁciency. The AP-1 activation was suppressed in the cells pre-treated with SB203580 or SP600125. The values shown are the means of three
independent experiments, and error bars indicate standard deviations.
60 C.-J. Yeh et al. / Virology 381 (2008) 55–66have been shown to mediate the apoptotic response. Real-time RT-PCR
demonstrated that PRV infection resulted in the signiﬁcant up-
regulation of TNF-α gene transcription, while other cytokines were
not altered (Fig. 8A). Thus, TNF-α might be an important cytokine
released during PRV infection and may induce cells to undergo
apoptosis. We further monitored the expression and secretion of
TNF-α in our systembywesternblotting. In PRV-infectedVero cells and
PK-15 cells, intracellular immature TNF-α, mature TNF-α, and secreted
TNF-α showed an increase from 6 to 48 h post-infection (Figs. 8B and
C). The expression level of the TNF-α receptorwas also signiﬁcantly up-
regulated (Figs. 8B and C, panel 4). TNF-α ELISA assays speciﬁc for
monkey and swine were performed, and a similar pattern to that seen
in the western blotting analysis was found. In conditioned medium
fromPRV-infected Vero and PK-15 cells, TNF-α secretionwas increased
in a time-dependent pattern (Fig. 8D). To investigate whether TNF-α
induction occurs via the activation of p38 and JNK/SAPK signaling, cells
were pre-treatedwith SP600125 or SB203580, singly or in conjunction,
and then infected with PRV. Western blotting analysis and ELISA assay
revealed that inhibition of p38 or JNK/SAPK suppressed TNF-α
expression and secretion. Cells treated with both inhibitors in
combination displayed a more signiﬁcant suppression of TNF-α (Figs.
9A and B).
TNF-α antibody neutralization suppressed PRV-induced apoptosis
To assess whether the presence of TNF-α in the conditioned
medium is the key mediator for apoptosis, we evaluated the apoptosis
induction ability of PRV in the presence of a TNF-α neutralization
antibody. Treatment with an anti-TNF-α monoclonal antibodysigniﬁcantly decreased the degree of apoptosis in infected PK-15
cells when compared to cells treated with control Ig. Evaluation of the
percentage of surviving cells with a trypan blue dye exclusion assay
showed a good correlation with the result from the apoptosis ELISA
(Fig. 10). When 20 moi of virus was inoculated, apoptosis is still
inhibited by TNF-α neutralization antibody (data not shown).
Discussion
PRV displays a strong tropism for epithelial cells of the oronasal
respiratory tract, which are the ﬁrst cells targeted by virions
(Nauwynck et al., 2007; Pomeranz et al., 2005). After initial PRV
infection, trigeminal ganglion neurons are the predominant site of
latency and reactivation. A recent study has shown that trigeminal
ganglion neurons are more resistant to PRV-induced cell death
compared with several other porcine cell types, such as kidney
epithelial cells (Geenen et al., 2005b). When the quiescent infection is
reactivated, PRV can spread to other susceptible animals. Viral
infection can directly induce apoptosis. For example, expression of
inﬂuenza viral genes has been shown to induce apoptosis in infected
cells (Lowy, 2003; Ohyama et al., 2003). Studies of respiratory
syncytial virus have concluded that apoptosis is an important pathway
for viral clearance of bronchial epithelium (Viuff et al., 2002). Thus it
was important to investigate the potential signiﬁcance of PRV-induced
apoptosis and its pathways in epithelial cells.
Signals that induce MAPK activation normally originate at the cell
surface by receptors binding to their ligands. Several studies have
shown that viral infection stimulates signal transduction pathways
that leads to expression of host genes and activation of cell death
61C.-J. Yeh et al. / Virology 381 (2008) 55–66pathways (Benedict et al., 2003). Intracellular signaling events
activated by viral infections can consequently affect cellular function
and virus replication. Several viruses have been shown to induceFig. 6.NF-κB is not involved in PRV-mediated CPE and apoptosis. PK-15 cells pre-treated with
for 24 h. After incubation, 10 moi PRV were infected. The CPE (A) and apoptosis (B) showed
expression level of indicated molecules by western blotting assay at various time points. (D)
SP600125 suppressed PRV-induced JNK/SAPK phosphorylation, but not affect total JNK/SAPMAPK signaling pathways (Bruder and Kovesdi, 1997; Ludwig et al.,
2001; McLean and Bachenheimer,1999; Popik and Pitha,1998; Rahaus
and Wolff, 2003; Suomalainen et al., 2001). Studies of the5 μMPDTC for 6 h or transfected with dominant negative IκBα or IKKβ or control vector
identical as compared to the PRV infection. (C) PRV-infected PK-15 cells revealed equal
PK-15 cells pre-treated with vehicle or SP600125 for 6 h, then added with 10 moi PRV.
K, c-FLIPL and c-FLIPS expression after normalized against actin.
Fig. 7. UV-inactivated PRV failed to activate JNK/SAPK and p38, or induce apoptosis. Virus was treated with different UV doses, then used to infect cells (5 moi or 20 moi) and
incubated for 24 h. Samples were collected for further analysis. “#” indicates that a 10 fold amount of virion particles was added. “⁎” represents “not detectable”. (A) Determination of
viral titers using PK-15 cells. (B) RT-PCR analysis: 20 moi PRV with or without UV treatment was added to PK-15 cells. 24 h post-infection, total RNAwas isolated and subjected to RT-
PCR to determine the level of Us3a expression. The RNA integrity is shown in the lower panel. (C)Western blot analysis for p38 and JNK/SAPK activation: PRV-infected PK-15 cells 24 h
post-infection showed increased phosphorylation of JNK/SAPK by about 3.1 fold (5 moi, lane 2) and 5.2 fold (20 moi, lane 7). UV-inactivated PRV lost their ability to induce JNK/SAPK
and p38 phosphorylation (lanes 4, 5, 9 and 10), even in the presence of 10 fold amounts of virion particles (lanes 6 and 11). (D) ELISA assay: replication-incompetent PRV lost their
apoptosis-inducing ability. The O.D. values for UV-inactivated virus were comparable tomock infection (lanes 1, 5, 6,10 and 11). The values shown are themeans of three independent
experiments, and error bars indicate standard deviations.
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cells can modulate the apoptotic response in the host cells (reviewed
by Aubert and Blaho, 2001) and activate the JNK/SAPK and p38 MAPK
cascades (Zachos et al., 1999). In this study, we investigated the role of
MAPKs in PRV-induced apoptotic cell death in swine epithelial cells,
and the involvement of JNK/SAPK, p38 MAPK and their downstream
targets.
Firstly, we examined whether MAPKs are involved in PRV-induced
apoptosis by using MAPK inhibitors. When we treated the virus-
infected cells with SB203580 or SP600126, PRV-induced CPE andapoptosiswere reduced. In addition, in cells treatedwith SB203580 and
SP600126 in combination, an additional reduction of apoptotic cell
death was seen. Apoptosis in infected cells was unaffected by PD98059
orU0126. These results indicate that both p38MAPK and JNK/SAPK, but
not ERK1/2 and MEK1/2, are involved in PRV-mediated apoptosis. We
then asked whether MAPKs, including p38MAPK, JNK/SAPK, and ERK1
are activated during the course of PRV viral infection in PK-15 cells. The
ﬁndings reveal that p38 MAPK and JNK/SAPK, but not ERK1, were
signiﬁcantly activated by PRV. The kinetics of activation from their
activators, MKK3/MKK6 and SEK1/MKK4, further support the ﬁndings.
Fig. 8. Induction of TNF-α by PRV. Cells were infected with 10 moi PRV for various time periods. (A) Real-time PCR: total RNAwas collected from infected PK-15 cells and subjected to
real-time PCR analysis. The calculation formula is described in Materials and methods. (B) and (C) are results of western blotting using indicated antibodies: equal amounts of whole
cell lysates were analyzed for detection of intracellular TNF-α and its receptor. Secreted TNF-αwas detected from conditionedmedium. (D) ELISA assaywas utilized to quantify TNF-α
secretion. Equal amounts of conditioned medium were collected from cells infected with 10 moi PRV for various time periods.
63C.-J. Yeh et al. / Virology 381 (2008) 55–66Secondly,we determined the response of AP-1 andATF-2,which are
downstreamtargets of JNK/SAPKandp38MAPK. Increases inATF-2 and
c-Jun increased phosphorylation were seen at 12 h and signiﬁcant
increases at 20 h after viral infection, later than p38 MAPK activation
and soon after JNK/SAPK activation. The increased c-Jun phosphoryla-
tion indicated that AP-1 was involved in the viral infection response,
because c-Jun is an important transcription factor protein and
oncogene that forms a heterodimer with c-Fos to form the AP-1
complex (Glover and Harrison, 1995). A reporter gene assay validates
that PRV increases functional AP-1 activity, and AP-1 activity was also
inhibited by p38 MAPK inhibitor SB203580 and JNK/SAPK inhibitor
SP600125. Our results demonstrate that PRV infection induced ATF-2
phosphorylationwhich is normally activated in response to signals that
converge on stress-activated protein kinases p38 MAPK and JNK/SAPK
(Gupta et al., 1995).The dosage and time course experiments
corresponded to p38 MAPK and JNK/SAPK phosphorylation, affecting
both c-Jun and ATF-2 later. Moreover, these data suggested that
activation of these MAPKs as a consequence of infection led to a
propagation of the signal to downstream targets.
Thirdly, we examined whether viral gene expression mediated
apoptosis. It has been reported that cell death may occur in cells
exposed to infection in the absence of viral replication (Brojatsch et al.,
1996; Hanon et al., 1998; Tyler et al., 1995). UV-treated HSV-1 has no
effect on cell viability, suggesting that virus binding, entry, and
uncoating were not responsible for the induction of apoptosis(Bosnjak et al., 2005). We showed that UV-inactivated PRV lost the
ability to induce p38 and JNK/SAPK phosphorylation, indicating that
PRV viral replication is crucial to induce p38 MAPK and JNK/SAPK
activation, and subsequently apoptosis.
Finally, we determined the role of cytokines in PRV infection.
Interleukin (IL)-1α, IL-1β, IL-6, IL-8, IL-12 and TNF-α have been shown
tomediate the apoptotic response, and their activation canbemediated
by p38 and JNK/SAPK signaling (Kalra and Kumar, 2004). This
mechanism has been established for cytomegalovirus (Sedger et al.,
1999), adenovirus (Hall et al., 2002), HIV (Xu et al., 1999) and HSV
(Rafteryet al.,1999). Results shown in this report demonstrate that only
TNF-αwas signiﬁcantly induced by PRV infection, and showed a time-
dependent inductionpattern in Vero and PK-15 cells. TNF-α expression
and secretionwere blocked after inhibition of p38MAPK and JNK/SAPK
pathways. Anti-TNF-α antibody decreased the virus-induced cell
death, indicating that TNF-α antibody might have potential in the
treatment of PRV infection.
In summary, our results demonstrate that PRV infection requires
viral gene expression to cause apoptosis. In addition, PRV infection
increases TNF-α transcription, translation and secretion. Inhibition of
p38 MAPK and JNK/SAPK pathways reduced PRV-induced TNF-α
expression and secretion. The mechanisms revealed from the cellular
response in vitro show a clear signal pathway response to PRV
infection. Further studies are necessary to investigate this virus-host
interaction more precisely.
Fig. 10. TNF-α neutralization assay. PK-15 cells were pre-incubated with 4 μg/ml TNF-α
neutralization antibody or a control mouse antibody, then infected with PRV and
incubated for an additional 24 h. Apoptotic ELISA assay (left y-axis, bars) demonstrated
apoptotic inhibition in the presence of anti-TNF-α. Trypan blue exclusion assay revealed
an increase in the percentage of surviving cells when treated with anti-TNF-α. Mock
infected cells showed 100% survival. The values shown are the means of three
independent experiments, and error bars indicate standard deviations.
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Cell culture, virus preparation and transfection
Vero cells (African green monkey kidney), two swine kidney cell
lines PK-15 and PD-5 (kindly provided by Ming-Huei Liao, National
Pingtung University of Science and Technology, Pingtung, Taiwan)
and ST cells (swine testis, purchased from ATCC, Manassas, VA) were
used in this study. Vero, PK-15 and PD-5 cells were cultured in
minimum essential medium (MEM) supplemented with Earle's salt
and 10% fetal bovine serum at 37 °C in a 5% CO2 incubator. Culture
medium and conditions for ST cells were according to the informa-
tion provided by ATCC. The PRV strain was isolated and characterized
in 1992 (Liao et al., 2001). Cells at 70% conﬂuence were infected with
PRV and incubated for a varied time period, then cells were
harvested for further analysis. The virus-containing supernatant
was collected and quantiﬁed using a previously described method
(Klupp et al., 2000). Cells at 70% conﬂuence were transfected with
plasmids using SuperFect reagents (Qiagen, Valencia, CA) according
to the manufacturer's instructions. Following incubation, cells were
harvested.
Inhibitors, antibodies and plasmids
The inhibitors for signaling molecules were purchased from
Calbiochem (San Diego, CA). All antibodies used in western blotting
were purchased from Cell Signaling Technology (Beverly, MA). The
TNF-α neutralization antibody was purchased from Upstate (Upstate
Biotechnology, Billerica, MA). Anti-PRV-FITC antibody was prepared
by purifying antibody from infected swine and labeling with FITC
(kindly provided by Ming-Huei Liao). Dominant negative IκBα
expression plasmid was purchased from Clontech (Palo Alto, CA).Fig. 9. Suppression of TNF-α-induction by PRV in the presence of SB203580 and/or SP600125
were used to pre-treat cells for 6 h, followed by infectionwith 10moi PRV and incubation for
were pre-treated with indicated inhibitors for 6 h and then infected with PRV at various moi.
values shown are the means of three independent experiments, and error bars indicate staDominant negative IKKβ expression plasmid was a kind gift fromM.D.
Lai (Department of Biochemistry, National Cheng Kung University).
Apoptosis assay, western blot analysis and luciferase assay
All procedures for analysis of apoptosis, including ﬂow cytometry
and ELISA, were described in a previous study (Shih et al., 2004). The
procedures for western blot analysis and luciferase assays were also
described in our previous report (Shih et al., 2004). The western blot. (A) Detection of TNF-α expression and secretion bywestern blotting analysis: inhibitors
an additional 24 h. Actinwas included as an internal control. (B) TNF-α ELISA assay: cells
After 24 h incubation, the TNF-α level was calculated according the standard curve. The
ndard deviations.
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quantiﬁcation software (Syngene, Cambridge, UK).
UV inactivation of virus
Virus stocks (107 to 108 PFU) in 2 ml of complete MEM medium
were placed in a 10 cm culture dish (BD Bioscience, Bedford, MA) on
ice. Virus particles were exposed to UV light of various energies by
utilizing a Spectronics XL3-1000UV cross-linker (Spectronics Corpora-
tion, Westbury, NY).
Us3a semi-quantitative RT-PCR
RNA extraction and reverse transcription were performed as
previously described (Shih et al., 2004). The sequences of the primers
used were: Us3a forward primer: 5′-CAAGAA TTCACACACCCGG-
TCGCGC-3′ and Us3a reverse primer: 5′-GTGGGGAT CCGCAAA-
GGTGTGTGTG-3′. PCR conditions were 35 cycles consisting of
denaturation for 1 min at 94 °C, annealing for 1 min at 55 °C, and
extension for 90 s at 72 °C, and one ﬁnal extension cycle at 72 °C for
7 min. The number of the PCR cycles was restricted to 28–30,
representing the late exponential range for PCR product.
Real-time RT-PCR
Speciﬁc oligonucleotide primer pairs selected from the Roche
Universal Probe Library (Roche Applied Science, Indianapolis, IN) were
used for RT-PCR. The speciﬁcity of each primer pair was tested by RT-
PCR using common reference RNA (Stratagene, La Jolla, CA) to
generate a DNA template, and analyzed by a DNA 500 chip run in a
Bioanalyzer 2100 (Agilent Technologies). PCR reactions were per-
formed on the Roche LightCycler Instrument 1.5 using LightCycler®
FastStart DNA MasterPLUS SYBR Green I kit (Roche, Castle Hill,
Australia). Brieﬂy, 10 μl reactions contained 2 μl 5x Master Mix, 2 μl
each of 3.75 μM forward/reverse primer mixture, and 6 μl of 40 times
diluted cDNA. Each sample was run in triplicate. The RT-PCR program
conditions were 95 °C for 10 min, 50 cycles of 95 °C for 10 s, 60 °C for
15 s, and 72 °C for 10 s. At the end of the program amelt curve analysis
was done. For each RT-PCR run, the data were automatically analyzed
by the system and an ampliﬁcation plot was generated for each cDNA
sample. From each of these plots, the LightCycler3 Data analysis
software automatically calculated the crossing point (CP) value (the
turning point corresponds to the ﬁrst maximum of the second
derivative curve), which implies the beginning of exponential
ampliﬁcation. The fold expression or repression of the target gene
relative to TATA-binding protein (TBP) in each sample was then
calculated by the formula: 2−ΔΔCP where ΔCp=Cptarget gene−CpTBP, and
ΔΔCp=ΔCptest sample−ΔCpcontrol sample.
Determination of one-step growth curves
PK-15 cells were infected with 5 moi PRV for 1 h at 37 °C to allow
virus adsorption and penetration. The inoculum was then removed
and the remaining extracellular virus was inactivated by low-pH
treatment (Mettenleiter, 1989). Cells were washed with PBS and
overlaid with fresh medium. After incubation for indicated time
periods, cells were scraped and lysed by freezing and thawing. Titers
of progeny virus were determined by plaque assay on PK-15 cells
(Dobos et al., 1979).
TNF-α ELISA
TNF-α secretion was determined by two ELISA kits. Porcine TNF-α
ELISA kit was purchased from Pierce Biotechnology (Rockford, IL).
Rhesus monkey TNF-α ELISA kit was purchased from Biosource
(Nivelles, Belgium). PK-15 or Vero cells were infected with PRV for theindicated time periods; conditioned medium was collected and
subjected to ELISA assay according to the manufacturer's instruction.
TNF-α concentrations (pg/ml) were calculated based on the standard
recombinant TNF-α provided by the kit.
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